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Introduction

Visually evoked collision avoidance has been studied 
across different animal species including locusts (Gabbi-
ani et al. 1999; Gray et al. 2001; Santer et al. 2005a), crabs 
(Oliva et  al. 2007), flies (Sugiura and Dickinson 2009), 
frogs (Nakagawa and Hongjian 2010), gerbils (Ellard 
2004), birds (Sun and Frost 1998; Cao et  al. 2004), fish 
(Preuss et al. 2006) and monkeys (Schiff et al. 1962; Maier 
et al. 2004). The migratory locust, Locusta migratoria L., is 
1 of 12 swarm-forming acridid grasshopper species, native 
to semi-arid regions of equatorial Africa (Uvarov 1977) 
and is an excellent model system for the study of visually 
guided behaviour.

Locust swarms may contain millions of individuals that 
fly ~3 m s−1 and are surrounded by neighbouring conspe-
cifics 0.3–0.9 m apart (Uvarov 1977). Interestingly, despite 
the apparently random orientation of groups of individu-
als within the swarm, continuous cohesion of individual 
swarms over distances of hundreds of kilometres, lasting 
many days, has been observed to occur without signifi-
cant dispersion (Baker et al. 1984; Preiss and Spork 1993). 
This may be due to an ability to avoid predation and effec-
tively navigate within the swarm without constantly col-
liding with one another. The ability to manoeuvre quickly 
and appropriately in such a dense swarm is of considerable 
adaptive value (Baker et al. 1981).

To avoid predators, collision with conspecifics and navi-
gate through complex environments, appropriate behav-
ioural responses to visual stimuli are essential. Locusts 
possess well-described neural pathways that are tuned to 
looming detection (O’Shea and Williams 1974; Simmons 
and Rind 1992; Judge and Rind 1997; Gabbiani et al. 2001; 
Gray et  al. 2001; Gray 2005) and convey information to 
motor centres in the thorax (Burrows and Rowell 1973; 
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Simmons 1980) involved in initiating flight avoidance 
responses and other escape behaviours (Santer et al. 2005b, 
2006; Dewell and Gabbiani 2012; McMillan et  al. 2013). 
These circuits allow each locust within a dense swarm 
to remain sensitive to approaches of individual objects, 
including conspecifics and flying predators, approaching 
frequently from many directions or along the same tra-
jectory (Burrows and Rowell 1973; Simmons 1980; Gray 
2005; Guest and Gray 2006; Santer et al. 2006).

A locust’s natural visual environment consists of a com-
plex combination of translating, receding and looming 
visual stimuli that are produced by self-motion as well as 
by object motion and individuals will be presented with 
multiple objects travelling through the visual field along 
various trajectories (Uvarov 1977). Collision avoidance 
responses to looming stimuli are adaptive behaviours that 
allow the animal to manoeuvre in a complex environment. 
Recent studies using minimally restrained locusts describe 
3-dimensional behavioural responses to looming and rela-
tionships with underlying motor activity (Chan and Gabbi-
ani 2013; McMillan et al. 2013).

Avoidance behaviour of a single locust may differ 
from that of an individual in a group and collision avoid-
ance responses elicited by an approaching object may be 
influenced by the presence of a conspecific as well as each 
animal’s position relative to the looming object and/or its 
position within the group. As a first step in understanding 
looming responses of a locust in the presence of conspecif-
ics, we used pairs of loosely tethered locusts to test whether 
looming-evoked flight behaviour is affected by the pres-
ence and/or relative position of a conspecific.

Materials and methods

Animals

Migratory locusts, Locusta migratoria L., were reared 
under crowded colony conditions (25–28  °C, 12  h: 12  h 
light: dark) in the Department of Biology at the University 
of Saskatchewan. We selected healthy locusts that were 
3–4  weeks past the imaginal moult and had intact wings 
and similar body lengths. All experiments were carried out 
at room temperature (~25 °C).

Preparation

A previously described loose tether (McMillan et  al. 
2013) was attached to the pronotum of fully intact locusts 
(Fig.  1a). Tethered locusts were positioned at assigned 
coordinates in the wind tunnel (1  m height  ×  1  m 
width  ×  3  m length). We set the wind speed to 3  ms−1 
[average locust flight speed (Baker et  al. 1981)], which 

hot wire anemometer measurements confirmed was con-
sistent throughout the working volume of the wind tunnel. 
Locust 1 (L1) was placed 45 cm from the upwind end of the 
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Fig. 1   Experimental set-up and treatments. a Top view of the wind 
tunnel (1  m  ×  1  m  ×  3  m) equipped with two high speed digital 
cameras (50 frames/s, 1/120  s shutter speed). A pair of locusts (L1 
and L2) were suspended in the wind tunnel facing upstream of the 
air flow. The visual stimulus was a computer-generated simulation of 
a black 7 cm disc approaching against a white background projected 
onto a rear projection screen attached to the right side of the wind 
tunnel. The data acquisition computer synchronized behavioural flight 
data from the video cameras and stimulus parameters from the stimu-
lus generation computer (see “Methods” for details). The inset shows 
one video frame of the rear view of a locust with the tether (yellow 
line) and ring with marked points used to calculate body position and 
orientation. Red top tether mark, green right tether mark, yellow bot-
tom tether mark, blue left tether mark. b Rear perspective view of the 
wind tunnel (not to spatial scale) showing the position of each locust 
in Experiment 1 (see “Methods” for details). The initial distance 
between two locusts within the azimuthal plane was 30 cm. P1 posi-
tion 1, P2 position 2. c Rear perspective view of the wind tunnel (not 
to spatial scale) showing the position of each locust in Experiment 2 
(see “Methods” for details). For each treatment, L1 was placed at P1. 
L2 was placed at one of five different positions (P2–P6) in treatments 
2–6, respectively. Different sized locust images at P3 and P4 repre-
sent the position in depth, within the same azimuthal plane, relative 
to L1 (P3 front, P4 back, P5 above, P6 below). The black oval on the 
right side of the tunnel in b and c represents the relative, perspective 
view of the final frame of the approaching black disc
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tunnel and 45 cm from the right side while Locust 2 (L2) 
was placed at various positions (see below) 15  cm from 
the right side of the wind tunnel. Accordingly, L1 and L2 
were spaced 30 or 36  cm apart within a volume of space 
(Fig.  1b, c). This distance was based on measurements of 
locust spacing in dense stratiform swarms (Uvarov 1977). 
The length of the tether (45  cm for L1; 25, 45 or 65  cm 
for L2), permitted unrestricted initial collision avoidance 
and initial freedom of movement in space while prevent-
ing potential contact between individuals in a pair. Loosely 
tethered locusts consistently oriented upwind, maintaining 
a relatively fixed position (±5  cm), from the vertical pro-
jection of the tether anchor point on the roof of the wind 
tunnel, within each plane of 3D space. This value represents 
the extreme of displacement during stable flight. Typically, 
locusts maintained a position within ±2 cm. Locusts were 
illuminated from above using two halogen lamps (LOWEL-
PRO-LIGHT, Mfg, Inc, New York, USA). Prior to stimulus 
presentation in each trial, locusts were allowed to fly for 
~5 min to allow them to adopt a stable flight posture. In sta-
ble flight, locusts beat their fore and hind wings symmetri-
cally with raised prothoracic legs adducted to the pronotum, 
mesothoracic legs trailing down the sides of the thorax and 
the metathoracic legs flexed and placed below the abdomen. 
Subsequently, locusts were presented with looming stimuli 
at 2- to 5-min intervals, to avoid behavioural habituation. If 
over three consecutive trials a locust did not respond to the 
looming stimulus, it was not used for experimentation. This 
criterion resulted in data collected from 19 pairs of locusts 
in Experiment 1 and 18 pairs in Experiment 2.

Flight behaviour was recorded at 50 frames per sec-
ond (fps, shutter speed = 1/120 s) from behind using two 
high-speed video cameras (Motion scope, Redlake Cam-
era, Inc. San Diego, USA). The cameras were positioned 
at the same height and 1.5 m downwind of the locusts. The 
cameras were separated by 30° as measured from a fixed 
point between the locust pair. In that position, the left cam-
era was angled ~15° to the right while the right camera was 
~15° to the left, providing two fields of view of the entire 
volume of space in which the locusts were free to manoeu-
vre. Each of the 11 treatments (positions) was replicated 20 
times for a total of 220 video recordings. The duration of 
each recording was 40  s and the duration of the stimulus 
epoch in each was 4 s (see below).

Visual stimuli

In 11 treatments across both experiments, locusts were 
exposed to the same visual stimulus; a computer-gener-
ated 7  cm diameter dark disc (7  cd  m−2) against a white 
background (45.5  cd  m−2) with a contrast ratio of 0.73, 
approaching at 3 ms−1. Stimuli were created using Vision 
Egg visual stimulus generation software (Straw 2008) on 

a python programming platform. Discs were presented 
as 512 × 512 pixel portable network graphics (png) files. 
The stimulus was scaled in real time at 85 fps and pro-
jected onto a rear-projection screen (96 cm long × 64 cm 
high) placed against the right side of the wind tunnel using 
a Sony VPL-PX11 data projector (Fig.  1). A white card-
board sheet (96 × 64 cm) was attached to the side of the 
wind tunnel opposite the projection screen to balance the 
luminous flux within the recorded volume of 3D space and 
prevent reflection of the projected stimulus. Discs were 
presented at 0° elevation and 90° azimuth. In this orienta-
tion 0°, +90° and −90° elevation was directly at the locust 
eye equator, above and below the locust head, respectively, 
whereas 0° azimuth was directly in front of the locust head 
and 180° was directly behind. In this way, the image of the 
disc expanded along a trajectory perpendicular to the centre 
of the right eye of L1 (and L2 in appropriate treatments). 
Projection of the looming stimulus was triggered manu-
ally, approximately 5 min after the locust maintained stable 
flight. At its final position, 60 cm and 30 cm from the initial 
position of L1 and L2, respectively, the disc subtended 6.5° 
and 13° of each locust’s visual field of view. We aligned 
video frames with the projected time of collision (TOC) 
using techniques similar to those described previously 
(McMillan et al. 2013).

Experiment 1

The first experiment was designed to determine if locust col-
lision avoidance was affected by the presence of a conspe-
cific in the vicinity. For this experiment, we used 38 adult 
male locusts (19 pairs). This experiment was divided into 
five treatments of which the first two served as controls 
(Fig. 1b). In the controls, locusts (L1 and L2) were placed 
alone in one of two positions, P1 or P2, respectively. In the 
3rd and 4th treatments, locusts were placed at the same posi-
tions separately with a dead locust placed in the other posi-
tion. The dead locust, with folded legs and outstretched fore 
and hindwings at 90° elevation angle (perpendicular to the 
body), passively oriented with the head upwind in the air-
stream. The rationale for use of a dead locust was to test 
whether the presence of a conspecific, irrespective of colli-
sion avoidance behaviour, would influence the live locust’s 
response. As the final treatment, both live L1 and L2 were 
placed at their initial positions simultaneously. To avoid 
potential effects of habituation or learning, treatments were 
randomly ordered, with a different order for each locust pair.

Experiment 2

The purpose of the second experiment was to determine if 
collision avoidance is affected by the relative position of a 
conspecific in the vicinity. To address this question we used 
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a different group of 40 adult male locusts (20 pairs) divided 
into six treatments. In each treatment L1 was placed at 
P1 (Fig.  1c). In treatment 1, L1 was alone, whereas for 
treatments 2–6, L1 was paired with L2 placed in posi-
tions P2–P6. In treatment 2, L1 and L2 were separated by 
30 cm in the azimuthal plane. In treatments 3 or 4, L2 was 
placed 20 cm ahead (P3) or behind (P4) L1 in the z-plane, 
respectively. In treatments 5 and 6, L2 was placed 20 cm 
above (P5) or below (P6) L1 in the elevation plane, respec-
tively. Thus, for each of treatments 3–6, the initial distance 
between L1 and L2 was 36 cm. As in Experiment 1, treat-
ments were randomly ordered for each locust pair.

Data collection

Images recorded by the cameras were saved to disc as AVI 
files. Video sequences were then analysed frame by frame 
using WINanalyze (Mikromak, Berlin, Germany), 3D 
motion analysis software. Given the sampling rate of the 
cameras used to record behaviour (50 fps) and the relatively 
large field of view required to include the locust pair, we 
were unable to resolve detailed wing kinematics that are 
involved in 3D body orientation (McMillan et  al. 2013). 
Therefore, the behavioural measures used here included 
observations of body orientation, leg extension and abdomi-
nal movement. While these measurements may result in 
overestimation of the reaction time, they nevertheless pro-
vide information on the relative behaviours of each locust. 
After carefully studying each video recording, locust behav-
iour was categorized into the most prevalent types: (1) active 
steering, (2) gliding and (3) startle. Active steering involved 
movement away from or toward the stimulus, extension of 
the hind leg on the inside of the turn and movement of the 
abdomen either directly upwards or upwards and to one side 
(left or right) of the animal’s longitudinal midline. Gliding 
was defined as cessation of the wing beat upon symmetri-
cal elevation of the fore and hind wings and holding of the 
wings in an elevated position above the locust’s back (see 
also Santer et  al. 2005a). Startle was defined as either (1) 
interruption of the wing beat, folding all four wings back-
ward and leg extension or (2) deflection of the abdomen, 
extension of all legs and rapidly flying forward within a 
90° sector (45°–345°) in the frontal region of the azimuthal 
plane. The trials in which a particular type of response was 
viewed were counted and the numbers were used to deter-
mine the percentage of occurrence of each response sepa-
rately. While loosely tethered locusts can generate more 
than one behavioural response during presentation of a 
looming stimulus (Chan and Gabbiani 2013; McMillan 
et al. 2013), we focused analysis on the initial response to 
compare response timing and duration between locust pairs.

Following 3D calibration of the paired sets of video 
frames from the two cameras (see McMillan et  al. 2013), 

the position of the tether markers was converted into 3D 
coordinates (x, y and z) for each frame. These coordinate 
values were imported into Dataview 6.3.2 analysis software 
(St Andrews University, Scotland, 1999) along with the 
stimulus timing information to align coordinates with TOC 
(Fig. 2). Subsequently, the numerical values from Dataview 
were used to determine four measurements for each experi-
ment: (1) the direction of the initial avoidance response and 
extent of motion along three translational (Experiments 1 
and 2) and three rotational (Experiment 1) degrees of free-
dom at the peak of the response; (2) timing of the initial 
response relative to TOC for each locust; (3) duration of the 
initial response (i.e. time from the start to peak of the ini-
tial response =  behavioural epoch); and (4) direction and 
distance between each locust at the time of the peak of the 
initial response.

Translational positions within the x-, y- and z-planes 
were determined directly from the x-, y- and z-coordinates, 
respectively, of the bottom tether mark. Right, upward and 
forward translations were designated as positive values, 
relative to each locust’s initial position whereas left, down-
ward and backward movements were designated as negative 
values. In Experiment 1 we calculated Euler angles, as rep-
resentations of the three rotational degrees of freedom [roll 
(η), pitch (χ) and yaw (ψ)], using the x-, y-, and z-coordi-
nates of all four tether markers (see McMillan et al. 2013). 
For example, to calculate η, we used x- and y-coordinates 
for the top (t) and bottom (b) marks on the tether disc, 
where bx is the x-coordinate on the bottom marker, tx is the 
x-coordinate on the top, ty is the y-coordinate on the top and 
by is the y-coordinate on the bottom (Eq. 1). χ was calcu-
lated using the y- and z-coordinates for the top and bottom 
tether marks (Eq. 2), and ψ was calculated using the x- and 
z-coordinates for the left (l) and right (r) marks (Eq. 3):

Our calculations were based on an intrinsic coordinate 
system, which changed with each elemental rotation. This 
approach allowed us to assess rotational angles on a frame-
by-frame basis and describe response dynamics within a 
behaviour epoch. All rotational angles were calculated rel-
ative to 0°, in the respective plane, of a locust generating 
stable flight without visual stimulation. For η, 0° was per-
pendicular to the midline of the locust when viewed from 
behind, whereas for χ and ψ, 0° was directly in front of 
the locust as viewed from the side or above, respectively. A 

(1)η = tan
−1

(

bx − tx

ty − by

)

(2)χ = tan
−1

(

by − ty

tz − bz

)

(3)ψ = tan
−1

(

lz − rz

rx − lx

)
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positive angle value was designated for rotation to the right 
(clockwise) for η and ψ and upward rotation for χ.

To account for variability of responses between trials, 
we normalized the data from each trial to values obtained 

from the relevant control treatments in each set of experi-
ments. To determine the relative response in each treat-
ment, data from measurements 1, 2 and 3 (extent of 
deviation along six degrees of freedom, time of the initial 
response and duration of the initial response, respectively), 
were first normalized to those of the control treatments for 
each animal. In the normalization, relative values in control 
treatments were considered as 1 for measurement 1, and 0 
for measurements 2 and 3. For the first measurement, nor-
malization was carried out by dividing treatment values by 
the control value (1). By this convention, positive values 
indicate motion in the same direction relative to the control 
and negative values indicate motion in the opposite direc-
tion. Values between 1 and −1 indicated a lesser extent of 
motion compared to control values, whereas values >1 or 
<−1 indicated a greater extent of motion, irrespective of 
direction. Data were plotted based on each initial direction 
of motion or pooled from each direction. For the second 
and third measurements, treatment values were subtracted 
from the control value (0).

To describe temporal response parameters we meas-
ured the start of the initial response and the duration of the 
behavioural epoch (Fig.  2). The timing of the start of the 
initial response was determined as the time of the frame in 
which a response (defined above) was first detected and the 
epoch duration was determined by taking the time differ-
ence between the onset and the peak of the initial avoid-
ance response (the frame in which the highest magnitude of 
the initial response was visible on relevant plots of the x, y, 
z coordinates).

We calculated the euclidian distance between each 
locust (using the bottom mark on each tether) at the start 
and end of the behavioural epoch in each experiment using 
the following formula:

where D is the distance and x, y and z are the relative coordi-
nates of the bottom tether mark of L2 and L1, respectively. 
To determine if the distance was affected by movement of 
each individual, we also calculated the distance based on the 
hypothetical condition that the other locust (either L1 or L2) 
stayed in a fixed position (estimated by calculating the mean 
x, y, z coordinates during the first 5 s of each trial, during the 
pre-stimulus epoch). For experiment 1, we calculated the 
difference between the actual and hypothetical distance at 
the start and peak of the behavioural epoch. For experiment 
2, we calculated the difference at the peak of the behaviour. 
In addition, to assess whether the response of each locust 
was related, the number of trials in which both locusts flew 
in the same direction (i.e. either to the left or right in the azi-
muthal plane) at the onset of the response was determined 
as a percentage of all trials.

(4)D =

√

(x2 − x1)
2
+ (y2 − y1)

2
+ (z2 − z1)

2,

Fig. 2   Sample video frames and flight position data from a single 
pair of locusts that generated steering responses (Experiment 1, treat-
ment 5). a Representative time-aligned single video frames from each 
camera showing the relative position of each locust during straight 
flight. b Translational (x, y and z) coordinates of L1 (black solid line) 
and L2 (red solid line) time aligned to the projected time of collision 
with L2 (0  s). The grey shaded area represents the stimulus epoch. 
Positive (negative) deviations along the x, y and z axis represent 
movement to the right (left), up (down) or forward (back), respec-
tively. Colour-coded arrows indicate the start of the response. Verti-
cal black and red dashed lines indicate the peak of deflection for L1 
and L2, respectively. y-translation was very small throughout the trial 
and did not produce a discernible start or peak for either locust
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Data analysis

Data were plotted using SigmaPlot 10.0 (Systat Software 
Inc., Richmond, CA, USA) and analysed statistically using 
SigmaStat 3.5. Data were tested for normality and equal 
variance. Distribution of behavioural response types were 
compared using a McNemar’s test for repeated measures 
on categorical data. To compare temporal response prop-
erties, response magnitudes within translational and rota-
tion degrees of freedom as well as distances between L1 
and L2, we used a Friedman Repeated Measures ANOVA 
on Ranks. Significant differences between treatments were 
assessed using a Tukey post hoc pair-wise multiple com-
parison test. Treatments were considered significantly dif-
ferent at P < 0.05.

Results

Types of responses

Across all animals and treatments in both experiments, 
L1 and L2 displayed all three behaviours (gliding, active 
steering or startle), with most displaying active steering 
in at least one trial (n = 29 of 37 locusts). In Experiment 
1, analysis of the response distributions (McNemar’s test) 
showed no significant differences across treatments for 
either L1 (Fig. 3a, top panel) or L2 (Fig. 3a, bottom panel). 
Moreover, there were no significant differences between 
comparable treatments of each locust (i.e. treatment 1 (L1) 
vs treatment 2 (L2), treatment 3 (L1) vs treatment 4 (L2), 
treatment 5 (L1 vs L2)). In Experiment 2, while startle was 
the most prominent response generated by L1 in all treat-
ments (Fig. 3b, top panel), there were no significant differ-
ences in the distribution of behaviours across all treatments. 
L2 also displayed each of the three responses (Fig. 3b, bot-
tom panel), with active steering as the most prominent in 
treatments 2 (L2 beside L1), 3 (L2 in front of L1) and 4 (L2 
behind L1) and least prominent in treatment 6 (L2 below 
L1). The response distribution in treatment 6 differed sig-
nificantly from the distributions in treatments 2 (χ2

3  = 11.0, 
P =  0.01) and 4 (χ2

3  =  9.3, P =  0.02). The distributions 
between treatments 4 and 5 (L2 above L1) also differed 
significantly (χ2

3   =  10.0, P  =  0.02)). When comparing 
between L1 and L2 we found significant differences in the 
response distributions in treatments 2 (χ2

3  = 9.0, P = 0.03) 
and 3 (χ2

3  = 8.3, P = 0.04), with L2 consistently generating 
a greater percentage of active steering.

For L1, the response distributions were noticeably dif-
ferent for comparable treatments in Experiments 1 and 2 
(treatment 1 in each and treatments 5 and 2, respectively), 
demonstrating variability between the two groups of locusts 
placed at P1. Therefore, to increase the sample size, we 

pooled data from comparable trials in Experiments 1 and 
2 to better assess whether there was an effect of treatment 
on response distributions (Fig. 3c). While we pooled data 
from treatment 1 in each experiment (L1 alone, n  =  37) 
and treatments 5 and 2 in Experiments 1 and 2, respectively 
(L1 plus L2 in the same relative positions, n = 37), for L2 
alone we were only able to use data from treatment 2 in 
Experiment 1 (n  =  19). Therefore, comparisons between 
L1 alone and L2 alone were from data in Experiment 1 
only. The only difference in the response distributions was 
between L1 and L2 when paired with a live conspecific 
(χ2

3   =  14.29, P  =  0.003). Specifically, the percentage of 
animals that produced gliding, steering or startle responses, 
respectively, were 22 % (n = 8), 32 % (n = 12) and 46 % 
(n = 17) for L1 and 13 % (n = 5), 76 % (n = 28) and 11 % 
(n  =  4) for L2, demonstrating that L2 generated signifi-
cantly more steering responses. While the response distri-
bution of L2 alone resembled that of L2 when paired with 
L1, the lack of a significant difference between L2 alone 
and L1 alone may have been due to a relatively low sample 
size and response variability (the 95 % confidence interval 
widths for data in Fig. 3c range from 19 to 46 %). Taken 
together, these findings suggest that, while the responses 
were variable, L1 response distributions were not affected 
by the presence or position of L2 and that L2 responses 
varied according to the treatment type.

Flight tracks

We examined the flight tracks of each locust based on the 
position coordinates in successive video frames during 
the behavioural epoch (Fig.  4). Before comparing tracks 
between treatments, we classified responses as either active 
steering or non-active steering, with the latter including 
gliding and startle. While active steering resulted in more 
pronounced left or right motion in the azimuthal plane 
(Supplementary Figs.  1 and 2) for L1 and L2, glides and 
startle responses also resulted in lateral motion. Therefore, 
for subsequent analysis of motion tracks and associated 
parameters, we compared treatments using data from all 
animals, irrespective of the behavioural type.

Three-dimensional flight tracks revealed that motion 
was most prominent in the azimuthal plane (Fig.  4a) and 
we, therefore, examined 2D motion track details in the azi-
muthal and elevation planes. In Experiment 1, L1 motion 
tracks in treatments 1, 3 and 5 were confined to a range 
along the x axis of approximately ±10 cm from the start of 
the response (Fig.  4b, top left panel), whereas L2 motion 
tracks extended in a range of approximately ±20  cm 
(Fig. 4b, top right panel). For L1, locusts tended to fly to 
the right or left equally, whereas L2 tended to fly mostly 
to the left, away from the stimulus. In the z axis, L1 and 
L2 tracks extended along similar ranges of −5 to 15  cm, 
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with most locusts flying forward. Conversely, motion tracks 
for L1 generally extended over a relatively narrow range 
in the y axis (±2 cm) compared to tracks from L2 (−2 to 
7 cm, Fig. 4b bottom panels). In Experiment 2, L1 motion 
tracks were consistently confined to a relatively narrow 
range along the x axis (±7.5 cm) and deviated equally to 
the right or left (Fig. 4c top left panel), whereas L2 motion 
tracks extended over a wider range (±10.0 cm) and devi-
ated mostly to the left (Fig. 4c top right panel), away from 
the stimulus. Both L1 and L2 tended to fly forward in the z 
axis. As in Experiment 1, motion within the y axis was con-
fined to a narrow range (−1.5 to 2.0 cm) that was similar 
for L1 and L2 (Fig. 4c bottom panels).

To describe the direction of motion at the start of each 
behavioural epoch, we calculated the average motion vector 
over the first two video frames (aligned to coordinate 0,0 at 
the start of the behaviour, insets in Fig. 4b, c). In Experi-
ment 1 (Fig.  4b), these vectors showed that, on average, 
L1 flew forward and to the left when alone (treatment 1) 
or forward, by a smaller extent, in treatments 3 and 5 with 
little deviation to the right or left. Conversely, L2 flew, on 
average, forward and to the left in all treatments. There was 
very little change in average altitude for L1, irrespective 
of treatment type and L2 gained altitude only when paired 
with L1 (treatment 5). Data from Experiment 2 (Fig.  4c) 
showed that, for L1, the average vectors were forward and 
near the longitudinal midline, except for treatment 2, in 
which the vector was directed further to the left. For L2, 
the average vector for all treatments was forward and to the 
left of the longitudinal midline. Within the y axis, the aver-
age vectors were distributed narrowly around zero. In sum-
mary, data from both experiments show that the presence 
of a dead or live conspecific affected the initial direction of 
motion of L1, whereas L2 tended to move away from the 
stimulus across most treatments.

Motion within six degrees of freedom

To determine if the treatment type influenced response 
amplitude, we compared the normalized values of move-
ment within 3 translational (x, y and z; Figs. 5a and 6) and 3 
rotational (roll, pitch and yaw; Fig. 5b) degrees of freedom 
at the peak of the behavioural epoch (see Methods for nor-
malization procedure). Data were plotted either in relation 
to the direction of motion in the control conditions (left or 
right for the x axis, up or down for the y axis and forward 
or back for the z axis) or pooled and compared against a 
normalized value of 1 using a Repeated Measures ANOVA 
on Ranks.

In Experiment 1, the treatment and initial control direc-
tion significantly affected translational motion. Generally, 
for L1 (Fig.  5a left panels) the presence of a conspecific 

Fig. 3   Distribution of initial behavioural response types. a Data 
from Experiment 1 (n = 19) showing response distributions from all 
treatments for L1 (upper panel) and L2 (lower panel). b Data from 
Experiment 2 (n = 18) showing response distributions from all treat-
ments for L1 (upper panel) and L2 (lower panel). Pairs of circles 
along the x axis in a and b represent treatment details. Left filled cir-
cles represent L1, right filled circles represent L2, x represents the 
absence of a locust and an open circle in either position represents a 
dead locust. In b relatively small and large filled circles in treatments 
3 and 4 represent L2 in front of or behind L1, respectively. A right 
filled circle above (treatment 5) or below (treatment 6), a left circle 
represents L2 as being above or below L1, respectively. See “Meth-
ods” for details of treatments. c Pooled data from Experiments 1 and 
2 in which locusts were either alone or paired. Data for L1 alone (L1, 
n = 37) were pooled from treatment 1 in each experiment. Data for 
L2 alone (L2, n = 19) were taken from treatment 2 in Experiment 1. 
Data from locust pairs were pooled from treatments 5 and 2 in Exper-
iments 1 and 2, respectively. L1 + L2 (n = 37) represents data from 
L1 in the presence of L2 whereas L2 + L1 (n = 37) represents data 
from L2 in the presence of L1. Differences in response distributions 
were assessed using a McNemar’s repeated measures test. In b, red 
asterisks for treatments 2 and 3 in L1 represent significant differences 
between treatments 2 and 3 for L2 (black asterisks) whereas similar 
black symbols within L2 represent significant differences between 
treatments. In c asterisks represent a significant difference between 
L1 and L2 and error bars represent the upper and lower 95 % confi-
dence intervals
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(dead or alive) resulted in decreased translation in all three 
axes. Specifically, compared to the control, the L1 median 
pooled x-translation was significantly lower in treatments 3 
and 5 (χ2

2  = 10.71, P = 0.005) and the median left transla-
tion was lower in treatment 3 (χ2

2  = 8.17, P = 0.02). The 
median normalized translational motion was also signifi-
cantly lower for pooled y-data in treatment 3 (χ2

2  = 7.41, 
P = 0.02), pooled z-data in treatments 3 and 5 (χ2

2  = 15.90, 
P  <  0.001) and forward z-translation in treatments 3 and 
5 (χ2

2  = 12.82, P = 0.002). For L2 (Fig. 5a right panels), 
there was no effect of treatment type or initial direction on 
the normalized extent of x or z-translation. Compared to 
controls, the median y-translation in treatment 4 was sig-
nificantly lower for pooled (χ2

2  =  10.84, P =  0.004) and 
downward (χ2

2  = 7.40, P = 0.025) responses.

The presence of a conspecific also affected normalized 
roll and yaw rotation of L1 and yaw rotation of L2 but did 
not affect normalized pitch rotation for either locust (Fig. 5b, 
left panels). Compared to the control, the median pooled 
roll of L1 was significantly lower and reversed (<0) in treat-
ments 3 and 5 (χ2

2 = 14.00, P < 0.001) and the median initial 
left roll was lower and reversed in treatment 5 (χ2

2 = 10.33, 
P  =  0.002). The median pooled yaw was also signifi-
cantly lower and reversed in treatments 3 and 5 (χ2

2 = 8.22, 
P = 0.02). For L2, the median yaw was significantly lower 
and reversed for pooled (χ2

2 = 9.56, P = 0.006) and an initial 
right yaw (χ2

2 = 6.50, P = 0.042) in treatment 5.
Data from Experiment 2 also showed that the treatment 

and initial control direction significantly affected transla-
tional motion (Fig. 6). For L1 we set treatment 1 (L1 alone) 
as the control treatment and for L2 we set treatment 2 (L2 
beside L1) as the control. There was a significant effect 
of the treatments on L1 translational motion (Fig.  6, left 
panels), though the effects varied depending on the treat-
ment type. There was a significant effect of treatment on 
initial left x-translation (χ2

5
 = 11.78, P = 0.04), though a 

Tukey post hoc comparison showed no differences between 
individual treatments. Compared to controls, the median 
y-translation was significantly lower in pooled treatments 
2, 3 and 6 and reversed in treatments 2 and 6 (χ2

5
 = 18.54, 

P  =  0.002). Initial downward y-translation was sig-
nificantly lower and reversed in treatments 2, 3, 5 and 6 
(χ2

5
 = 21.50, P < 0.001). The median z-translation was sig-

nificantly lower than control in pooled treatments 2 and 4 
(χ2

5
 = 13.54, P < 0.019).
For L2, the median pooled x-translation (Fig.  6, right 

panels) in treatment 5 was significantly lower than con-
trol (χ2

4  =  13.42, P =  0.009) and there was a significant 
effect of treatment for initial left translation (χ2

4  =  14.30, 
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Fig. 4   Motion tracks of L1 and L2, in response to laterally loom-
ing stimuli. a Perspective view of 3D flight tracks of a representa-
tive pair of locusts (treatment 5, Experiment 1) responding to a sin-
gle approach. Each locust image and red dotted drop line represents 
the position of the locust at the initiation of the response. Red lines 
indicate the 3D flight track from response initiation to peak. The dark 
oval represents the perspective view of the disc approaching from the 
right of L2. Data from Experiments 1 (b, n = 19) and 2 (c, n = 18) 
showing 2D motion tracks during a behavioural epoch as selected 
from the entire recording sequence represented in the azimuthal plane 
(as viewed from above, top panels) and elevation plane (as viewed 
from the right side, bottom panels) for each locust across all trials. 
Legends in b indicate respective treatments for L1 and L2, whereas 
the legend in c (lower left panel) indicates treatments in all 4 pan-
els (note that L2 was not present for treatment 1). Axes in a represent 
the actual position within the wind tunnel coordinate system whereas 
axes in b and c were aligned relative to the initial position at the start 
of the recording (x, y, z coordinates = 0,0,0). Inset in each graph plot 
shows the average motion vectors from all animals during the first 
2 frames of the behavioural epoch. For all data, positive (negative) 
deviations along the x, y and z axes represent movement to the right 
(left), up (down) or forward (back), respectively

◂
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P = 0.006) though post hoc comparison showed no differ-
ences between individual treatments. There were no sig-
nificant differences in y-translation for any treatment types 
for L2. For z-translation, the only differences from control 
were significantly lower values for pooled (χ2

4   =  18.50, 
P  <  0.001) and initial foreword motion (χ2

4   =  21.00, 
P  <  0.001) in treatment 5. There was also a significant 
effect of treatment on initial backward motion (χ2

4  = 9.60, 
P = 0.048) though post hoc comparison showed no differ-
ences between individual treatments.

In summary, though responses were highly variable for 
L1 and L2, data from both experiments suggest that dif-
ferent treatments mostly affected translational and rota-
tional components of steering behaviour in L1 and that L2 
responses were relatively less sensitive to the presence or 
position of a conspecific.

Temporal response properties

To determine if the presence of a conspecific aligned 
between L1 and the stimulus (Experiment 1) or the relative 

position of a conspecific (Experiment 2) affected temporal 
properties of looming-induced flight responses, we com-
pared the start time and duration of the behavioural epoch 
(see “Methods”, data not shown). From Experiment 1 
(n = 19), we found no significant differences in the median 
values of either the absolute (range  =  1.5–0.02  s before 
collision) or normalized (range  =  −0.70 to 0.46  s) start 
times between L1 and L2 across all treatments. There were 
also no significant differences in the response duration for 
L1 or L2 across all treatments for absolute (range = 0.13–
0.91  s) or normalized values (range  =  −0.44 to 0.45  s). 
From Experiment 2 (n  =  18), we found that the median 
start times across all treatments ranged from 0.89 to 0.84 s 
(before projected collision with L2, data not shown) and 
were affected by treatment type (χ2

10 = 22.25, P = 0.014). 
A post hoc Tukey test revealed that L2 responded signifi-
cantly earlier in treatment 5 (median  =  −0.89  s) com-
pared to L1 in treatment 1 (median  =  −0.84  s) and L2 
in treatment 2 (median  =  −0.85  s). However, when nor-
malized to response times for respective control values, 
there were no significant differences for L1 or L2 in any 

Fig. 5   Statistical summary of direction and normalized extent of 
the initial avoidance response within three 3 translational (a) and 
rotational (b) degrees of freedom of L1 (left panels, n = 19) and L2 
(right panels, n = 19) from Experiment 1. Data were plotted as box 
plots representing the median with 25th and 75th percentiles. Whisk-
ers show the 5th and 95th percentiles. Positive values indicate move-
ment in the same direction as in the control treatments whereas nega-
tive values indicate movement in the opposite direction. Values >1 

or <−1 represent deviations greater than those of control conditions 
(dashed horizontal lines) whereas values between −1 and 1 represent 
deviations less than those of control conditions. Data were plotted 
either in relation to the direction of motion in the control conditions 
(see “Methods”) or pooled from both control directions. Asterisks 
indicate significant differences (P < 0.05) from control values. Pairs 
of circles along the x axis represent treatment details as in Fig. 3 (see 
“Methods” for details). In b η = roll, χ = pitch, and ψ = yaw
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treatment (range = −0.87 to 1.32 s). Neither the absolute 
(range =  0.46–0.61  s) nor normalized (range = −0.43 to 
0.81  s) response durations were affected by the treatment 
type for either L1 or L2. These findings suggest that the 
presence or position of a conspecific had little or no effect 
on temporal response properties.

Distance between locusts and response direction

At the start of Experiment 1 (treatment 5), locusts were 
placed 30 cm apart and we measured the euclidian distance 
between the bottom of each respective tether marker. A rep-
resentative sample recording showed that throughout the 
pre-stimulus epoch and during the earlier stages of stimu-
lus presentation, locusts maintained a relatively consistent 
distance (Fig.  7a). Nearer to the projected time of colli-
sion (with L2) the distance decreased to 23  cm and then 
increased to 35 cm. At the peak of the response (see Fig. 2) 
throughout all trials, locusts maintained a distance within 
±10  cm (Fig.  7b). Therefore, the distance values were 
within a theoretical range of ±10 cm based on maximum 
excursions that each locust uses to maintain its position 
during pre-stimulus flight (±5 cm). To determine if spacing 
changed at different stages of the response, we calculated 
the distance at the start and peak of each of the behavioural 
epochs for L1 and L2 for all pairs and found that there were 
no significant differences in the median distances (31.2 cm 

for each group and time). Similarly, in Experiment 2, 
locusts maintained a relatively constant euclidian distance 
at the start and peak of each locust’s behavioural epoch. 
For treatment 2 (L2 beside L1), locusts were initially 
placed 30 cm apart and the median distance from all data 
ranged from 29.7 to 32.0 cm. There were no significant dif-
ferences compared to the initial distance or between each 
time of measure (data not shown). For treatments 3–6 the 
initial distance was 36  cm and the median values at each 
time ranged from 32.3 to 36.5 cm (data not shown). There 
was a significant affect of treatment on absolute distances 
(χ2

10 =  46.28, P < 0.001). Post hoc comparisons revealed 
that the distance at the onset of the response in treatment 
4 was greater than the initial distance (36 cm) and that the 
distance at the peak of the response in treatment 3 was less 
than the distances at the response onset in treatments 4–6 
(data not shown).

Given that the distance between the pair could be 
affected by movement of each individual, we also calcu-
lated the relative distance based on the hypothetical condi-
tion that the other locust (either L1 or L2) stayed in a fixed 
position (see “Methods”). For experiment 1, we calculated 
the difference between the actual and hypothetical distance 
at the start and peak of the behavioural epoch. For Experi-
ment 2, we calculated the difference at the peak of the 
behaviour. For both datasets, we also determined if the rel-
ative distances differed from a theoretical value of 0 (i.e. no 

Fig. 6   Statistical summary 
of direction and normalized 
extent of the initial avoid-
ance response within three 3 
translational degrees of freedom 
of L1 (left panels, n = 18) and 
L2 (right panels, n = 18) from 
Experiment 2. Data plotted as in 
Fig. 5. Positive values indicate 
movement in the same direction 
as in the control treatments 
whereas negative values indi-
cate movement in the opposite 
direction. Values >1 or <−1 
represent deviations greater 
than those of control condi-
tions (dashed horizontal lines) 
whereas values between −1 
and 1 represent deviations less 
than those of control conditions. 
Pooled data as described in 
Fig. 5. Asterisks indicate signifi-
cant differences (P < 0.05) with 
control values. Pairs of circles 
along the x axis represent treat-
ment details as in Fig. 3 (see 
“Methods” for details)
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movement of either member of the pair). Using a repeated 
measures ANOVA on Ranks, we found no differences in 
the relative distances in either Experiment 1 (Fig.  7c) or 
Experiment 2 (Fig. 7d).

To determine if the locusts responded in unison, we 
determined the percentage of trials in which the initial 
steering direction was the same for each individual (data 
not shown). In Experiment 1, 68 % (n = 13) of locust pairs 
(treatment 5) steered in the same x-plane direction, whereas 
32  % (n  =  6) flew in the opposite direction. In Experi-
ment 2, 50 % or more of locust pairs flew in the same ini-
tial direction in the x-plane when responding to looming 
(treatment 2 =  61.1  %, treatment 3 =  50.0  %, treatment 
4 = 55.5 %, treatment 5 = 66.7 %, treatment 6 = 66.7 %).

In summary, these findings suggest that locusts in a pair 
maintained a relatively constant distance during collision 
avoidance and most often moved in the same direction at 
the start of a response.

Discussion

To our knowledge, this is the first study to investigate 
whether collision avoidance responses of loosely tethered 
locusts are affected by the presence or position of a con-
specific in the vicinity. We found that each locust gener-
ated variable responses distributed across three distinct 
types: gliding, active steering and startle. The response 

Fig. 7   Distance between L1 and L2 during looming-evoked 
responses. a Sample record from one trial in Experiment 1 (treat-
ment 5) plotting distance against projected time of collision with L2 
(vertical solid red line). The dashed vertical red line indicates time of 
projected collision with L1 and the shaded area defines the stimulus 
epoch. b Distance between L1 and L2 across all trials from treatment 
5 in Experiment 1 at the time of the peak response of L1 and L2. 
c Relative distances from all trials in Experiment 1 (n =  19) at the 
time of response onset and peak for L1 and L2. d Relative distances 

from all trials in Experiment 2 (n = 18) at the time of the peak of the 
response. In b–d data form L1 and L2 are represented by light and 
dark grey shading, respectively. In c and d data were plotted as box 
plots representing the median with 25th and 75th percentiles. Whisk-
ers show the 5th and 95th percentiles. The dashed horizontal lines in 
b–d represents the initial distance at the start of respective trials (see 
“Methods” for details). Pairs of circles along the x axis in d represent 
treatment details as in Fig. 3 (see “Methods” for details)
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distributions of the locust furthest from the stimulus (L1) 
were not affected by the presence or relative position of a 
conspecific, whereas responses of the locust closest to the 
stimulus (L2) were likely affected by its position relative 
to the stimulus. Moreover, we found that motion tracks of 
L1 were affected by the presence of L2 and that L2 gen-
erated more robust responses, with average motion vectors 
consistently directed forward and away from the stimulus. 
We also found that translational and rotational motion of 
L1 differed across treatments, whereas L2 motion was 
less sensitive to the presence or position of a conspecific. 
Finally, we found that the start and duration of the behav-
ioural epoch were invariant to the presence or position of 
a conspecific and that a locust pair maintained a relatively 
fixed distance during responses to looming.

While it is possible that other, uncontrolled, factors 
associated with the experimental set up could have affected 
responses to looming, we believe that they were minimal. 
Tethering artefacts ultimately restrict locust motion in 3D 
space and thus would influence reactions of individuals 
over a longer time span than we recorded here. However, as 
we focussed on initial responses using a tether design that 
has been demonstrated to permit closed-loop flight (Chan 
and Gabbiani 2013; McMillan et  al. 2013), we are confi-
dent that locusts generated behaviours that reflect natural 
reactions. It is possible that differences between L1 and L2 
resulted from the relative difference in brightness of the 
rear projection screen closer to L2 or differences in the vis-
ual surround associated with each locust’s relative position 
within the wind tunnel. The former was mitigated through 
equal ambient lighting from the overhead halogen lights 
and balancing of the luminous flux in the recorded volume 
of 3D space. The latter was likely not a confounding vari-
able as each locust maintained a stable flight posture prior 
to stimulation, indicating that there was no inherent bias 
associated with position in the wind tunnel. Moreover, in 
Experiment 2, L2 positions varied by no more than 20 cm 
from the centre of the projection screen. Given that the 
projection screen subtended a large portion of the locust’s 
visual field irrespective of its relative position [61° of the 
locust’s frontal (or rear) visual field in treatment 3 (or 4) 
and 39° of the upper (or lower) visual field in treatment 5 
(or 6)], L2 responses were most likely affected by the posi-
tion relative to the stimulus rather than to the screen.

One inconsistent finding is the different L1 response 
distribution in treatment 5 of Experiment 1 (Fig.  3a) and 
treatment 2 in Experiment 2 (Fig.  3b), which were spa-
tially matched. Aside from potential differences in the two 
distinct groups for each experiment, there may have been 
an effect of experience on behaviour. In each experiment, 
treatments were presented in a different randomized order 
for each locust pair. In Experiment 1, treatment 5 was the 
only pairing with a live conspecific, whereas in Experiment 

2, L1 was paired with a live conspecific in each treatment. 
Thus, we cannot rule out experience as a variable that 
affects looming-evoked responses. While pilot studies sug-
gest that this is not the case, further experiments are needed 
to test the role of experience.

Individual responses

The behaviours we observed for individual locusts here are 
expressed across many phylogenetically distinct groups and 
thus likely represent a common adaptive strategy when chal-
lenged with an approaching object. Active steering occurs in 
free flying moths (Manduca sexta), producing robust loom-
ing-evoked steering manoeuvres that drive them out of a 
plume when tracking a pheromone source (Verspui and Gray 
2009) and Drosophila avoidance reflexes involve active gen-
eration of sideslip and roll manoeuvres when presented with 
a laterally expanding visual stimulus (Sugiura and Dickinson 
2009). Startle responses occur in flying bush crickets pre-
sented with acoustic stimuli (Libersat and Hoy 1991) and 
mantids presented with images of predators (Edmunds and 
Brunner 1999). Well-described collision avoidance behav-
iour of crabs involves walking in the opposite direction of 
laterally looming stimuli (Oliva et  al. 2007). Gliding and 
startle responses also constitute an escape mechanism in fly-
ing squirrels (Paskins et al. 2007), great blue tits (Kullberg 
et al. 1998; Lind et al. 2002) and looming-evoked behaviours 
occur in human infants (Ball and Tronick 1971).

The locust looming-evoked responses we describe here 
are consistent with those of previous behavioural studies 
(Robertson and Reye 1992; Robertson and Johnson 1993a, 
b; Gray et al. 2001; Santer et al. 2005a; Chan and Gabbiani 
2013; McMillan et al. 2013) and similar to those described 
for evasive manoeuvers evoked by other stimulus modali-
ties (Robertson et  al. 1996; Dawson et  al. 1997, 2004). 
While the most common behaviour of L1 when alone was 
either gliding or startle, the most common response of L2 
when alone was active steering. Gliding or startle responses 
may reflect late detection, evoking a last ditch effort at 
collision avoidance (Robertson and Reye 1992; Gray 
et al. 2001; Santer et al. 2005a; Chan and Gabbiani 2013; 
McMillan et  al. 2013), whereas active steering involves 
coordinated flight muscle and wing kinematics that result 
is 3D orientation of locusts either towards or away from 
an approaching object (Chan and Gabbiani 2013; McMil-
lan et  al. 2013). Thus, the distribution of behaviours we 
observed may reflect different behavioural states of individ-
uals or aspects of sensory experience (see above).

Presence of a conspecific

In schooling fish (e.g. herring), solitary individuals dis-
play different, variable, escape trajectories compared to 
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members of a group, which display relatively uniform 
escape trajectories (Domenici and Batty 1997). In locusts, 
changes in the translatory pattern of motion in lateral vis-
ual field simulate changes in flight speed (thrust) and flight 
direction [yaw, (Spork and Preiss 1993)]. Thus, the speed 
and direction of locust flight in a swarm results from the 
optomotor effectiveness of the pattern image formed by the 
neighbouring individuals and this feature contributes to a 
common orientation within a group.

While our data suggest that the presence of L2 did not 
affect the type of L1 behaviour (Fig. 3), analysis of motion 
within six degrees of freedom implies that the presence 
of a conspecific adjacent to a looming object’s trajectory 
affects subtle components of collision avoidance. When 
paired with a live conspecific, L1 generated significantly 
reduced sideslip and forward motion, whereas transla-
tional and rotation motion of L2 was relatively invariant. 
Changes in translational motion could have significant 
effects on behaviour since they are components of avoid-
ance responses (Oliva et  al. 2007; Sugiura and Dickinson 
2009; McMillan et al. 2013).

Changes in rotational degrees of freedom are also asso-
ciated with steering manoeuvres in locusts (Robertson and 
Johnson 1993a; McMillan et  al. 2013) and Drosophila 
(Sugiura and Dickinson, 2009). In the present study locusts 
changed the direction of their flight in response to the 
looming object by generating yaw torques or roll torques 
or both, while pitch remained nearly constant. In free flying 
locusts, angular changes during yaw and roll movements 
are closely related and angle values change in parallel 
almost simultaneously (Berger and Kutsch 2003). However, 
in our experiments, these angular changes were neither 
consistent nor related. Significant changes in roll of L1 and 
yaw of both locusts (Fig. 5) imply that rotational degrees 
of freedom during collision avoidance can be affected by 
the presence of a conspecific. Contradictory patterns in the 
(reversed relative to the control direction) pooled roll and 
right rotation deviations of L1 are consistent with findings 
of Spork and Preiss (1993) and provide further evidence 
that locusts use visual cues from the looming object as well 
as from proximal conspecifics.

Position of a conspecific

While L1 response types were not affected by the position 
of a conspecific, L2 responses may have been affected by 
the position relative to the stimulus trajectory. For exam-
ple, irrespective of position within the azimuthal plane 
(treatments 2, 3 and 4 in Experiment 2), L2 responded to 
the looming stimulus most frequently by active steering 
(Fig. 3b). These effects may reflect positional sensitivity of 
collision detection circuits within the locust visual system 
(Gabbiani et al. 2004; McMillan and Gray 2012) that have 

analogues in other systems, including flies (Krapp et  al. 
1998), frogs (Kang and Li 2010) and pigeons (Wylie and 
Frost 1999). The locust descending contralateral movement 
detector (DCMD) is a motion-sensitive visual interneuron 
that is highly responsive to looming stimuli and thought to 
be involved in fast escape behaviours (Simmons and Rind 
1992; Gray et al. 2001). The DCMD maintains high sensi-
tivity to looming stimuli across a broad region of the visual 
field (30˚ to 150˚ azimuth; −15˚ to 45˚ elevation (Rogers 
et  al. 2010)) and is more sensitive to stimuli approaching 
from above (Rind and Simmons 1997; Rogers et al. 2010) 
and behind (Krapp and Gabbiani 2005; Guest and Gray 
2006). However, DCMD directional sensitivity is incon-
sistent with a decrease in active steering in treatment 6 of 
Experiment 2 (stimulus above L2) and relative invariance 
of L2 translational motion. While it is possible that the 
most compelling DCMD stimulus evokes a more gener-
alized looming response, experiments are needed to test 
the possibility that putative directional sensitivity of other 
motion-sensitive neurons (e.g. Gray et  al. 2010) reflect 
positionally related behaviour.

For L1, a laterally looming object may be more com-
pelling than non-looming motion of a conspecific located 
in different positions. The effects on L1 translational 
motion in the y-plane (Fig.  6) were consistent (reduced 
and reversed), irrespective of the relative position of L2, 
suggesting that locusts use visual cues from the looming 
objects as well as from flying neighbours interposed with 
the stimulus during collision avoidance. While the pres-
ence of L2 at different relative positions may have affected 
L1’s visual sensory perception, relative consistency in L1 
response types across all treatments (Fig.  3b) suggests 
that L1 was affected more by the presence of a conspecific 
rather than its specific position.

Response onset and duration

The size of the retinal image subtended by an approaching 
object is an important stimulus parameter in triggering vis-
ually evoked avoidance responses (Robertson and Johnson 
1993a; Kang and Li 2010; Nakagawa and Hongjian 2010). 
Specifically, looming-triggered behaviours often occur 
with a fixed delay after the stimulus reaches a fixed angular 
threshold size on the retina (Fotowat and Gabbiani 2007; 
Yamamoto et al. 2003; Fotowat et al. 2009) or are guided 
by changes in the retinal image size and used compute time 
to collision to adjust behaviour accordingly (Ellard 2004). 
Here, we show that L1 and L2 responded to the looming 
object at a median time of 0.84  s before collision, which 
translates into subtense angles of 1.4° for L1 and 1.6° for 
L2 and is consistent with recent findings using minimally 
restrained preparations (Chan and Gabbiani 2013; McMil-
lan et al. 2013).
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Temporal firing properties of looming-sensitive neurons 
(Gabbiani et al. 1999; Yamawaki and Toh 2009; Kang and 
Li 2010) and behavioural responses (Chan and Gabbiani 
2013; McMillan et  al. 2013) depend on a combination of 
the size and velocity of approaching objects. Accordingly, 
the stimulus we used may have affected the timing of L1 
and L2 responses equally and independently (see also 
Spork and Preiss 1993). Given the relative position of each 
locust to the stimulus, it is reasonable to assume that L2 
would respond earlier than L1. However, the normalized 
temporal responses (time of behavioural onset and response 
duration) were invariant to the presence and position of 
a conspecific. This is likely due to the relative proximity 
of the each locust to each other and to the stimulus. At 
3 m s−1, the object would take 0.1 s to travel the distance 
between L1 and L2, which is within the range of response 
onset variability. Accordingly, our data agree with the sub-
sequent expectation that response duration would also be 
similar for each locust of the pair.

Distance between pairs

Locust swarms can maintain continuous cohesion over dis-
tances of hundreds of kilometres lasting many days without 
significant dispersion (Baker et al. 1984; Spork and Preiss 
1993) and are thus able to avoid predation and constant col-
lisions with each another (Baker et al. 1981) by maintain-
ing their position relative to their immediate neighbours 
(Kennedy 1951; Preiss 1992). Our data show that locust 
pairs maintained their distance during a looming-evoked 
response, except when L2 was in front of L1 (Fig. 7) and 
most often steered in the same direction. Similarly, school-
ing fish such as cod (Gadus morhua), saith (Pollachius 
virens) and herrings (Clupea harengus), have the ability 
to maintain distances between nearest neighbours within a 
set range (Parrish et  al. 2002). Further, when an optomo-
tor response is elicited simultaneously in two conspecific 
puffer fish, they exhibit cohesive movement while main-
taining a fixed distance (Imada et  al. 2010). Locusts can 
transfer directional information and rapidly change their 
flight direction appropriately (Baker et  al. 1981; Farrow 
1990) which may result from optomotor effectiveness of 
the image pattern formed by neighbouring individuals 
(Spork and Preiss 1993), eventually contributing to swarm 
cohesion. Consistent with visually guided cohesion, we 
found that in more than 50 % of trials locusts responded to 
the looming object by moving in the same direction (i.e. as 
a pair). Moreover, in treatments that showed the higher per-
centage of pairing behaviour, locusts were able to maintain 
the distance throughout collision avoidance. These find-
ings further emphasize that regardless of the presence and/
or different relative positions of a conspecific, locusts can 
maintain the distance from their neighbour.

While this study provides insights into collision avoidance 
behaviour in a locust pair, further experiments with a larger 
group size will extend these findings to more natural condi-
tions. Nevertheless, results reported here will guide stimu-
lus parameters used for physiological experiments designed 
to investigate neural and motor response to complex visual 
stimuli. Future investigations that incorporate behavioural, 
kinematic, sensory coding and sensorimotor integration will 
permit a deeper understanding of the neural mechanisms that 
underly coordinated and cohesive movement between indi-
viduals during the production of natural behaviour.
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